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ABSTRACT
The MnO–Zn thin films were fabricated by radio frequency (RF) magnetron sputtering and compared 
with pulse electrodeposition (PED) Zn thin films, doped with MnO and ZrO nanoparticles. Surface 
morphology, structural properties, chemical composition and corrosion resistance of these coatings 
were investigated by using scanning electron microscopy, X-ray diffraction (XRD), energy-dispersive 
X-ray spectroscopy, 3-D scanning interferometry and environmental chamber. Surface morphology and 
degree of crystallinity have different behaviours for different deposition methods. Pulse-coated films 
have polycrystalline structure with high surface roughness (R
a
), whereas sputtered films are monocrys-
talline with reduced roughness (R
a
). Corrosion tests of both RF sputter and PED films revealed that the 
distribution of corrosion products formed on the surface of sputter films were not severe in extent as 
in case of electrodeposited coatings. Results showed that the doping of ZrO nano-sized particles in Zn 
matrix and Mn–Zn composite films significantly improved the corrosion resistance of PED thin films.
Keywords: Corrosion resistance, electro-deposition, magnetron sputtering, surface analysis, thin films.
1 INTRODUCTION
Zinc oxide (ZnO) thin films are widely used in variety of applications such as thin-film tran-
sistor [1], transparent conducting films, solar cell material [2], UV photodetector [3], 
piezoelectric [4] and wear-resistant films [5], due to its several favorable properties, including 
wide bandgap, e.g. –3.37 eV [6], large exciton binding energy (60 meV) [6] and also having 
good transparency, which are excellent parameters for optoelectronic devices.
High electron mobility [7] and room temperature electrical conductivity of ZnO thin films 
make it perfect material for electronics equipment. Additional advantages of ZnO thin films 
and micro-nanostructure are abundance and non-toxicity of the ZnO material, low cast and 
quantum size effect. Depending on the application, tuning properties and band gap of ZnO is 
possible by doping another material such as: aluminum (Al), gallium (Ga), magnesium (Mg) 
and manganese (Mn).
Also, there are advanced techniques of growing ZnO thin films and manufacturing such as 
metal organic chemical vapor deposition [8], radio frequency (RF) magnetron sputtering [9], 
sol–gel method and pulsed laser deposition [10]. Properties of ZnO thin films are investigated 
by using molecular beam epitaxy [11].
Zinc plating is extensively used in corrosion protection of steel in many structural and 
general engineering applications. Zn coating on steel substrate provides with physical and 
mechanical properties as well as good corrosion resistance [12]. However, a high dissolution 
rate and low corrosion resistance limit the use of Zn coatings. In recent research and devel-
opment activity on zinc-based alloy coatings, there is a growing interest in the use of Zn with 
various alloying elements like Mn and Zr. These elements (Mn and Zr) have an electrically, 
more negative potential (E°Mn 2+/Mn = −1.185 V vs. SHE (standard hydrogen electrode) and 
E°Zr 2+/Zr = −1.45 V vs. SHE) when compared with Zn [13]. The alloys Zn–Mn, Zn–Zr and 
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Zn–Zr–Mn show an interdependent effect with better corrosion resistance than the individual 
metals. The need for coatings with improved resistance to highly aggressive environments is 
high as a result of a growing demand for extended safe service life of industrial objects. Con-
ventional coatings such as spray gun coatings perform well in normal environmental 
conditions; however, when subjected to aggressive environments result in coating failure due 
to blistering and delamination. Sputtered and electrodeposited coatings can perform well in 
aggressive environments and are more resistant to failure due to blistering delamination.
This work is the continuation of current research in materials, structural integrity and coat-
ings [14–21]. This paper presents results, which show that how materials’ qualities have been 
affected by deploying different methods of thin film fabrication. Pulse electrodeposition pro-
cess is simple with low cost, and deposition can be applied on comparatively larger areas [22]. 
The RF-magnetron sputtering is a flexible technique in terms of control of composition and 
microstructure. Zn–MnO thin films can be fabricated by reactive RF magnetron sputtering 
deposition with high-purity ZnO powder, which results in the formation of films with excel-
lent purity. On the other hand, a vacuum method is a costly procedure and some of scaling 
process is difficult. Pulse electrodeposition has been widely applied to fabrication of thin 
films, and results show that the uniformities such as thickness of layer, grain size, roughness 
and defect density are difficult to control [23].
It is obvious that the properties of ZnO thin films are extremely sensitive to the sample 
preparation process, and the focus of this research is to compare chemical and physical dep-
osition techniques. Investigate surface morphology, elemental composition and durability of 
two different methods of ZnMnO thin films fabrication. Additionally, the effect of incorpo-
rated MnO and ZrO nanoparticles on corrosion resistance is also investigated for coatings 
prepared by two different methods.
2 EXPERIMENTAL
2.1 Preparation of sputtered and electrodeposited coatings
In this work, MnO–Zn thin film was deposited on glass substrate by RF magnetron sputtering 
method. The required thin films have been achieved by using a mixture of high-purity ZnO 
with 36 wt. % MnO2. Substrate was conditioned carefully by using ethanol and dried by 
subjecting the samples to flowing N2 gas. The pressure of the chamber was kept as 
2.9 × 10–8 mbar. High-purity (99.999 %) Ar (Argon) gas was introduced into the chamber 
with a total flow rate fixed at 18 sccm. The ZnMnO target was sputter cleaned for 20 min in 
Ar before allowing any deposition to take place on the substrate. The substrate temperature, 
sputter pressure, RF power and the distance between target and substrate was set at 500°C, 
5.4 × 10–3 mbar, 250 W and 35 mm, respectively.
In a second technique, MnO–Zn, ZrO–Zn and ZrO–MnO–Zn coatings were deposited over 
mild steel (50 mm × 25 mm × 1.4 mm) substrate using pulse electrodeposition method. Zinc 
sheets (90 mm × 75 mm × 0.8 mm) were used as the cathode.
Substrates were polished with successive finer grade of emery papers of grades: 320, 600 
and 1200 followed by burnishing with a very soft cloth. The samples were then washed with 
tap water, cleaned in acetone using an ultrasonic bath and finally dried with air blow. Electro-
deposition was then performed at 30°C temperature using an acidic chloride (pH 4.3).
For the composite coatings, 10 g/L manganese and zirconium oxide particles with diame-
ter about 40–60 nm was added into the bath. To better suspension of nanoparticles, the bath 
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was stirred about 12 h by using a magnetic stirrer pre electrodeposition process. The concen-
tration of various bath constituents in the electrolytic bath is presented in Table 1.
2.2 Sample pretreatment and corrosion tests
The experiments were performed through accelerated corrosion tests by deploying a 
temperature-climate simulation chamber. The chamber was heated to 100–105°C. The 
coated samples were placed in a beaker, with a capacity of 200 ml, of 3.5 wt. % filtered 
sodium chloride (NaCl) solution of which 3.5g of NaCl was mixed in 100 ml of deion-
ized water.
Corrosion tests were performed in 3.5 wt. % NaCl solution, which is appropriate for sim-
ulating corrosion due to the presence of corrosion activators (chloride ions). The beaker 
contained coated samples, and NaCl solution was placed in a heated chamber for 150 h. The 
coated samples were continuously monitored, and progress was recorded after every 24 h.
2.3 Characterization of sputtered and electrodeposited coatings
Structural properties of all coatings were investigated through HRXRD. The grain size of the 
films were estimated with Scherer’s formula [24]
 D = kλ/Bcos θ (1)
where D is the grain size, k is the constant (=0.9), λλ is the wavelength of X-ray (=1.540598 Å), 
B is the line width (FWHM) and θ is the Bragg angle.
Coating surface roughness values were analysed and averaged through five data points per 
coated sample using 3-D surface scanning interferometry. The microstructure analyses and 
measuring of incorporated nanoparticles weight percentage of coatings were conducted 
through scanning electron microscopy and energy dispersive X-ray spectroscopy (EDS), 
respectively.
3 RESULTS AND DISCUSSION
3.1 Coating surface morphology and structure properties
Figure 1 compares the surface morphologies of thin films manufactured by two different 
methods. Figure 1a shows that the film produced by sputtering method has high density and 
Table 1: Chemical composition of electrolyte bath.
Bath constituents Chemical composition (g L–1)
ZnSO4 · 7H2O 200
Na2SO4 80
NaCl 40
H3BO3 16
Mn2O3 10
ZrO 10
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small value in average surface roughness (Ra ~ 0.017 µm) determined by 3D Interferometer. 
The surface morphology of electrodeposited films can be seen in Fig. 1b–d, which shows that 
the coating morphology consists of hexagonal platelet morphology varied from mainly gran-
ular shape to least pyramidal shapes. Similar morphology of electrodeposited Mn–Zn alloys 
was also reported by other researchers [13, 25, 26]. 
Structural properties of both types of coatings are shown in Fig. 2. It can be seen that the 
sputter-deposited samples have a preferred (002) orientation, whereas pulse-coated films 
including MnO–Zn, ZrO–Zn and ZrO–MnO–Zn have a polycrystalline structure. The varied 
crystallographic orientations in electrodeposited coatings cause enhanced porosity and con-
sequently increased average surface roughness of Ra ~ 0.39 µm.
The reinforcement content of nanoparticles in coatings calculated by using EDS analysis 
is presented in Table 2. Grain sizes in electrodeposited films are significantly small compared 
with those sputtered coatings. However, the porous structure of pulsed coatings is a disadvan-
tage in terms of corrosion resistance property compared with dense sputtered films.
3.2 Experimental set-up and corrosion study
These experiments are the part of research being carried out in the area of corrosion within 
our research group [21, 27–34]. The details for the corrosion tests and sample preparation 
have been discussed in Section 2.2.
 
         (a)                 (b)
 
         (c)                 (d)
Figure 1: Micrographs of (a) sputter-deposited films and (b–d) pulse-coated films.
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The corrosion product (rust) forms on the surface of metals as a result of electrochemical 
reactions. The atoms on metal surface undergo changes by losing electrons and become pos-
itively charged ions. This allows them to bond to other groups of atoms that are negatively 
charged resulting in oxidation at anodic sites.
 Metal → Metaln+ + n electrons 
The electrons flow from the anodic sites to cathodic sites, i.e. the electrons migrate through a 
metallic path. This migration occurs due to a voltage difference between the anodic and 
cathodic reactions. The excess of dissolved oxygen in water results in cathodic reaction and 
forms cathodic sites on the metal surface
 O2 + 2H2O + 4e- → 4OH- 
The anodic and cathodic reactions result in the formation of corrosion products (rust) on the 
metal surface. The metal ions (Metaln+) coming from the reaction of metal at anodic site will 
combine with hydroxyl ions (OH-) producing metal hydroxide.
 Metal n+ + 2OH- → metal hydroxide 
Figure 2: HRXRD patterns of sputter deposited films.
Table 2: Reinforcement content weight % of nanoparticles and grain sizes of coatings.
Coatings Deposition method Grain size Nanoparticle content wt.%
MnO–Zn Sputtered 43.89 MnO (14.7%)
MnO–Zn Electrodeposited 7.69 MnO (0.97%)
ZrO–Zn Electrodeposited 7.51 ZrO (1.72%)
ZrO–MnO–Zn Electrodeposited 8.71 ZrO (2%), MnO (1.35%)
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Metal hydroxide is further oxidized to form hydrated metal oxide, which is dark brown due 
to iron.
3.3 Pre- and post-corrosion observations
The possibility of occurring sputter damage is known but insufficiently investigated for cor-
rosion products of Zn-based steel coatings such as Zn–Mn. Post-corrosion test observations 
show that a compound that is formed when Zn and Zn-based protection layers are exposed to 
a corrosive environment is ZnO as shown in Fig. 3. Microscopic surface analysis and 
 comparison with pulse electrodeposited coating revealed that the distribution of corrosion 
products formed on the surface of sputter coating was not severe in extent as in case of elec-
trodeposited coatings.
Table 2 shows the front face and 3-D surface images of Zn–Mn, Zn–Zr and Zn–Zr–Mn 
coatings deposited on steel substrate. Post-corrosion test observations show that the surface 
morphology of the electrodeposits varied from a densely red-brown flaky rust (Zn–Mn) to a 
fine white/grey (Zn–Zr–Mn) unstable rust, depending upon the type of alloy composition. 
These micrographs indicate that incorporation of a small quantity of Mn and Zr into Zn 
matrices significantly alters the corrosion morphology of the Zn–Mn and Zn–Zr–Mn alloys. 
3D scanning interferometry technique was deployed to evaluate the extent of corrosion of 
Zn–Mn and Zn–Zr–Mn alloys using average surface roughness (Ra) and peak surface height 
(PSH) as two measurement parameters. The results were analysed and compared in order to 
identify the coating with best corrosion resistivity.
Comparison of pre- and post-corrosion observations of Zn–Mn sample revealed that the 
PSH, after the development of rust changed from 2.94 to 109.73 µm. Similarly, the average 
surface roughness (Ra) changed from 0.57 to 2.79 µm. Similarly, for Zn–Zr sample, the PSH, 
after the development of rust changed from 3.26 to 17.54 µm and the average surface rough-
ness (Ra) changed from 0.4 to 1.75 µm. Moreover, for Zn–Zr–Mn sample, the PSH changed 
from 4.31 to 9.29 µm and the average surface roughness (Ra) changed from 0.64 to 1.45 µm. 
The pre- and post-corrosion results for all the samples showed that PSH and R
a
 for each 
Figure 3:  Samples prepared using RF sputtering technique with Zn–Mn sputtered coating: 
(a) pre-test surface and (b) post-test surface.
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Table 3: Corrosion test results (pre and post) and their comparison.
Sample  
type
Analysis 
type Pre-corrosion test Post-corrosion test
Zn–Mn Front 
face  
image
3D 
surface 
scanning
Zn–Zr Front 
face  
image
3D 
surface 
scanning
Zn–Zr–Mn Front 
face  
image
3D 
surface 
scanning
Flaky rust
Light brown 
surface rust
Fine white/grey 
rust
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 sample increased due to the development of rust, after they have been treated with NaCl 
solution. However, the highest % increase in PSH and R
a
 was found for Zn–Mn while lowest 
was found for Zn–Mn–Zr.
These results indicate that Mn and Zr, both combined (Zn–Zr–Mn), are the most beneficial 
composition, compared with individual additions of Mn and Zr into Zn matrices. Both Mn and 
Zn combined can significantly improve the resistance of the coatings to atmospheric corrosion.
4 CONCLUSIONS
In conclusion, ZnMnO thin films can be manufactured successfully by chemical and physical 
methods. Structural and morphological properties of the two methods (sputtering and electro-
deposited) are investigated. The coating produced by sputtering method has high density and 
small value in average surface roughness. However, the surface morphology of electrodepos-
ited coating consists of hexagonal platelet morphology varying from mainly granular shape 
to least pyramidal shapes. The varied crystallographic orientations in electrodeposited coat-
ings cause enhanced porosity and consequently increase the average surface roughness. The 
corrosion tests were performed by exposing the samples (sputtered and electrodeposited) to 
salt solution. The purpose of the exposure was to analyse the corrosion resistance of all the 
samples while keeping the coating thickness constant for all three samples. The microscopic 
surface analysis and comparison of sputtered and pulse electrodeposited coatings revealed 
that the distribution of corrosion products formed on the surface of sputtered coating were not 
severe in extent as in case of electrodeposited coatings. For the case of electrodeposited coat-
ings, the corrosion test results indicate that Mn and Zr, both combined (Zn–Zr–Mn), are the 
most beneficial composition, compared with individual additions of Mn and Zr into Zn matri-
ces. Both Mn and Zn combined can significantly improve the resistance of the coatings to 
atmospheric corrosion. Also, the sputter coatings are more resistant to corrosion failures 
compared with electrodeposited coatings. 
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